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ABSTRACT 



A method is disclosed for using feedback to reduce crosstalk 
between mobile receivers in a wireless communications 
system comprising an adaptive transmitting antenna array. 
Feedback signals from the receivers are time-averaged and 
used to calculate a set of weight vectors that minimize 
crosstalk and maximize desired signal without requiring 
burdensome feedback rates. Beamforming diversity is com- 
bined with feedback through the use of diversity vectors. 
The preferred embodiment includes a method for obtaining 
the required feedback by exploiting the SAT circuitry 
present in the AMPS system currently in use. Consequently, 
the method may be implemented without modification to 
existing cellular phone handsets. 

10 Claims, 5 Drawing Sheets 
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1 2 
METHOD OF SUBSPACE BEAMFORMING adaptive antenna amy can use a feedback signal from the 

USING ADAPTIVE TRANSMITTING mobile receivers to give the transmitter a means of gauging 

ANTENNAS WITH FEEDBACK i* 5 beampatterns. Because of multipath, an array that simply 

directs a mainlobe towards a mobile may result in a fade of 
This application is a continuation-in-part of Scr. No. 5 the desired signal or crosstalk to other mobfles. So unless the 
08/04663L now U.S. Pat. No. 5.471,647 filedApr. 14, 1993 bas ? can ^ ac S 0U . Ilt ** ^ of me scattering bodies in the 
entitled "Method for Minimizing Cross-Talk in Adaptive environment, un^sired crosstalk or fading is liable to occur. 
Transmission Antennas." ?in c e a ^P* vc "twuiM do not possess built-in 

feedback, the receivers must provide a feedback signal to 
TECHNICAL FIELD 10 enaole me transmitter to function effectively in this 

approach. 

This invention relates to methods for transmitting signals tj.S, Pat No. 5,471,647, •'Method for Minimizing 

from an antenna array to multiple receivers using feedback Cross-Talk in Adaptive Transmission Antennas" which is 
from the receivers, with the aim of achieving high desired hereby incorporated by reference, Gerlach et al. present a 
signal and low crosstalk at the receivers. In particular, it first method of multiple signal transmission using an antenna 
relates to methods for using the subspace structure of the 15 array and probing signals together with feedback from the 
channel to reduce the data rate of the feedback, and second, receivers back to the transmitter. This probing-feedback 
it relates to methods for obtaining feedback information method allows the transmitter to estimate the instantaneous 
using the circuitry presently existing in the mobile unit of the channel vector, from which the transmitting beamformer 
Advanced Mobile Phone System (AMPS). ensures signal separation even in th e face of time-varving 

In cellular radio and other wireless systems, a central base 20 n^P 31 * 1 the propagation medium. This method is further 
transceiver simultaneously communicates with several Ascribed by Gerlach etaL intET bllowing articles which 
mobneusers.Insuchsysteim,anantennaarrayatthecentral * e . he ^ ^arporated by reference: Specttum Reuse 
base can provide two benefits. First, it can improve the Uniig Ttai^ Anteima ^ays with Feedback^ Proc 
... * . ..... . International Conference on Acoustics, Speech, ana Signal 

To increase quality of the communication in a wireless Transmitting Antenna Arrays with Feedback." IEEE Trans. 
system an antenna array can provide diversity to combat actions m Vehicular Technology, submitted October 1994. 
^I^tftheb^faiteliAudaetodedi^ve J0 Wiethe nremod of D.Gertachetairdnintosaosstidk 
interference of the various murapaths m Uie propagation ^^^t^^tiM^^i^f,,^^ 

» Um '^i °Z CaUSe T * 1 ^ 1 rates that are required to track the instantaneous channel 
much as 30 dB. Tune ^ feqm diversity are tradition^ ^ ^ ^ m undesirahle because 

techniques which are highly effective in preventing signal ^ fl m & ^ frQm fce 

loss. An antenna array can be used to provide beampattern ,, J* . . . f. *..„_,,•„._ 

i. t • jj.^- . . ... , . 35 receivers back to the transmitter. 

diversity, which is an additional technique that supplements „ iU _ . . . . . . . 

time and freauencv diversity transmitter is located m an urban environment or 

^ . , other cluttered area, scattering from buildings and other 

To increase capacity in a wireless system, an antenna bodics .„ me ^ CTeates ^ interference 

array can implement same ceU frequency reuse, which n ms r^*^ ^ contains ^ rf cm 

recognizes thai teach signal typically has a different angle of n and destructivc interference, spaced as little as 

arrival at the base station. Using this technique, the base one . half wavelengtn ^ M ^ rece iver moves through 

sends signals to multiple recervers on the same tune/ snch ^ environnKnt , me V ect OT can <±ange sigiiifi- 

frequency channel within the same sector, and uses a sepa- ^ ^ me recdver moves ^ Uttle ^ one _ ten th ^ a 

rate beam to minimize crosstalk and majomize desired wavden ^ h . Consequently, the transmitter must repeatedly 

signal for each receiver. Such beams provide a means of 4S estmlatc , ncw vectar by sendin robing signals 

reusing the resources of time and bandwidth, and tiiey ^.j receiving feedback. The feedbackrate needed is 19.200 

tad «*!"' 1 of flexing such as b fa a re ^ dver movin 30 leceiving a ooo MHz 

(T/F/CDMA). Same cell frequency reuse is also sometimes ^ ud a sjx etaneBt ^ four Wt ac Tfle 

_koown as spatial division multiple access (SDMA). need fM ^ ^ feedback rate$ renders OTays 

There are two aspects to using antenna arrays a t the base 50 unpractical for most applications, 

in mobile radio: receive antenna processing ^reverse link) ^ addition to ^ fee(Jback rateS) ^ method of D 

and transmit antenna processing (forward link). In the for- Gerlach et ^ «„, 5e dMcmt to implement because the air 

wardlinkapproach.thereare open loop and closedloop interfac(J standard wouldhave t0 be ^ged t0 add m me 

approaches. An "open loop approach is explored by G. feedback feature ^ users would have to ^change their 

Raleigh et al. in "A Blind Adaptive Transmit Antenna 55 old handsets for new ones that are compatible with the new 

Algorithm for Wireless Communication. International feedback standar4 ms ^ a cost i y and impractical modifi- 

Commumcations Conference, 1995. This transmit beam- cation 
forming method uses the reverse link information signals 

sent by the mobiles as a means of deteraiining the transmit SUMMARY OF THE INVENTION 

beampatterns. This "open loop* 1 method, however, does not ec- In view of the above, it is the primary object of this 

provide the transmitter with feedback information about the invention to provide a practical, inexpensive and robust 

transmitted signals, and is consequently less robust to method for reducing crosstalk in adaptive transmission 

changes in the propagation medium than feedback methods. antenna systems. In particular, it is an object of the invention 

In contrast to the "open loop" approach, the "closed loop" to minimize crosstalk in such systems by reducing the 

approach uses an additional feedback signal from the 65 required feedback rates, and by obtaining the feedback 
mobiles. The transmitting array has no a priori knowledge of through use of the circuitry already existing in mobile 

the location of the moblies or the scattering bodies, and an handsets. 
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To reduce the feedback rates, we disclose adaptive trans- BRIEF DESCRIPTION OF THE FIGURES 

mining antenna methods that are based on an autocorrelation __ . _ 

matrix associated with cadi receiver, rather than the receiv- 1 is a diagram of a ^ansmitting antenna array 

er's instantaneous channel vector. In contrast to the instan- sendu f multl P le sl S Dals * rou * a propagation medium to 

toneous channel vector, which can change violently with 5 several receivers in accordance with the prior art 

receiver movement and requires significant feedback rates to FIG. 2 shows me forward link of the AMPS system used 

track, the autocorrelation matrix, which describes the time- in me current art, indicating the path of the SAT tone. The 

averaged behavior of the channel vector, requires far less mobile estimates the SAT frequency using a phase-locked 

feedback to track 1°GP- 

To estimate the correlation matrix, the probing/feedback 10 FKj- 3 sn °ws the reverse link of the AMPS system used 

method of D. Gerlach et al. is used to estimate the channel in the current art. The mobile uses the detected instantaneous 

vector for each receiver at several time instants. The corre- frequency to modulate the phase locked loop, 

lation matrix estimate is then formed by averaging outer FIG. 4 shows the forward link of the communications 

products of these channel vectors. Once the correlation system in accordance with the preferred embodiment of the 

matrix for each receiver is obtained from feedback, it can be 15 invention. Two signals are launched from the base according 

used as the basis for several beamforrning methods. to two different weight vectors. 

To mitigate fading of the desired signal at the receivers, a FIG. 5 shows the relationship between post-demodulation 

new diversity beamforrning method is used to determine the SAT amplitude ratio a, and the pre-demodulation channel 

beamforrning weights (i.e., the information weight vector) gains, p, in accordance with the invention, 
for each information signal. In this method, a set of diversity 20 

weight vectors are created, each of which has significant DETAILED DESCRIPTION 

projection onto the receiver's correlation matrix and pre For ^ e of thig discussion? me goal of an adaptive 

duces an independent fading > pattern. Feedback from the - s tQ gend muM b s[ ^ from an 

receiver is then used to identify parameters of the channel thr h a propagation environment to several 

vector. These parameters are used to form the information receivers , so mat ^ ch receiver gets adequate signal 

weight vector by optimally combining the set of diversity with minimum crosstalk, 
vectors by any of the well-known diversity combing 
methods, such as maximum ratio or equal gain combining. 

The advantage of this approach to insuring adequate desired ^ ( ^ ^ 

signal level is that feedback is used to obtain a parameter of 30 1 

the instantaneous channel vector, rather than the complete be the d information bearing signals sent by the array 

channel. Hence, lower feedback rates can insure adequate intended for d remote receivers, as shown in FIG. 1. 

desired signal level. Let the antenna array consist of m transmitting elements. 

In contrast to methods that combine antenna diversity „ and let the complex vector channel (also known as the 
with feedback, e.g., W. C. Jakes, Mobile Microwave channel vector, instantaneous channel vector, array response 
Communications, New York, John Wiley, 1974. the method vector, or the spatial signature) from the array to the k* 
of this invention uses the diversity weight vectors to com- receiver be given by 
bine beam diversity with feedback. In particular, the diver- 
sity vectors are calculated to maximize the time-average ^ Ian \ ^ 
signal at each receiver, i.e., to have nigh projection onto its 
channel matrix. 

When other receivers are on the same frequency channel, 

the above method is adapted to achieve low crosstalk at the a ^ 

undesired receivers as well as high signal power at the 43 \ I ^ 

desired receiver. The information weight vector is calculated where a** is the complex channel response from the i 

to have low projection and high projection onto the channel element to the k" 1 receiver. The channel vector a* represents 

matrices corresponding to unintended and intended the total channel including the transmitter electronics, 

receivers, respectively. Physically, this corresponds to plac- antenna array, and reflections within the propagation 
ing low beampattern gain on the undesired receivers and all 50 medium, and varies with time due to mobile receiver 

scatterers which couple to them. motion. 

In a preferred embodiment, the method involves using the Unlcss wc m otflicMy discussing time dependence, we 

mobile handset circuitry already existing in the Advanced wdl usc ^instead of a A (t).In order to ensure that the channel 

Mobile Phone Systems (AMPS) to obtain the required * adequately described by a single vector, we need the 
feedback information. By exploiting existing circuitry used 55 lowing condition: 

to process the supervisory audio tone (SAT), the implemen- g «ffvr\ (3) 
tation of this method does not require the modification or 

replacement of the millions of handsets already owned by where 5^ is the maximum differential delay due to multi- 
consumers. In the current system, the SAT is used to insure path in the propagation medium, and BW is the information 
that each mobile is talking to the correct base and vice versa. 60 signal bandwidth (same for all information signals). This 
By injecting a second reference signal with certain modu- narrowband condition is present in AMPS as well as IS-54. 
lation properties, the base is able to measure the relative which have a 28 kHz nominal bandwidth. Digital systems 
received signal strength at the mobile. This signal strength which meet (3) will not suffer from significant intersymbol 
estimate constitutes feedback, and can be used for both interference. 

channel estimation and diversity combining. This method is 65 In order to transmit the d signals to the receivers, let Vj be 

suitable for beamforrning using cither the channel vector, or the beamforrning weight vector for the j rt information 

using the correlation matrix itself. signal. For notational convenience, define Wy=v/\ where * 
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denotes complex conjugation, and refer to the w, as weight tude in Eq.(5) is a maximum. There are several different 

vectors as well. If we consider the array output due to only combining methods including maximum ratio* equal gain, 

the j* signal s/t) with its corresponding weight vector w y , selection, and scanning. Others are described by Jakes, 

then the signal received at the kT 1 receiver will be Define E to be the matrix whose columns are e lf . . . , e n : 

5 

where w/* denotes the Hermitian conjugate of w,. Let In all combining methods, the transmitter seeks a unit- 
norm n-dimensional combining vector, u, such that the 

Cfirwfa k . (5) weight vector given by 

For j=k, c^ is the desired signal amplitude, and for j*k. c Jk ^ 
is the crosstalk signal amplitude at the k"* receiver due to the 

j"' signal. Let maximizes the desired signal power: 

*J« (6) 15 IvPdHfaJP. (15) 



be the responses at the remote receivers due to the trans- where 
mitted information signals. Then y k {t) is given by the 
superposition of the responses due to each s,<t): i 



(16) 



d ~ 20 is the projection of the channel vector onto the subspace 

>#)= .2 cjhrj^t). spanned by the columns of E. For each different combining 

** 1 method, a different constraint is placed on combining vector 

D. Gerlach et al. teach a beamfoiming method that ideally u, and a different set of channel parameters is acquired using 
achieves feedback. The advantage of this diversity approach to 

25 achieving desired signal maximization is that only certain 
yjtCO^jtW- parameters of the instantaneous channel vector within a 

certain subspace (matrix) are needed, rather than the entire 
This was accomplished by calculating the weight vectors so channcl vcctor Therefore, less feedback is needed, 
that, ideally. There are several combining methods which can be used 

30 to form the information weight vector. Regardless of the 
combining method, the information weight vector is calcu- 



wfofQfbrbtj (9) 



aod lated according to Eq.( 14). If needed, the information weight 

vector length can then be scaled to provide the necessary 
wj u a^\forh=i (10) gross radiated power from the array. 

35 For example, in equal gain combining, each element of u 
As stated before, this method requires continuous tracking mus t be modulus 1/VE. The u which optimizes Eq.( 15) is 
of the instantaneous channel vectors via probing and 

feedback, and for rapidly moving mobiles, this implies a «=V(V5ki,i) (17) 

burdensome feedback channel. Moreover, it is not obvious 

how to deliver feedback information to the base without 40 where denotes element-wise division, and laj denotes 
modifying or replacing the existing mobile handsets. element-wise absolute value. The parameters of the channel 

A method of beampattera diversity is now disclosed that vector acqriwd via feedback are the relative phases of the 
provides adequate desired signal level at each receiver. entries of a,. These phases can be acquired by using the 
Focus for the moment on one receiver and the one infor- exact same pro^g method disclosed by D. Gerlach et aL 
raation signal transmitted to it, and suppress the correspond- 45 probing vectors transmitted by the array are 

ing subscripts k and j. Let ^ now diversity vectors (13) or any unitary transfor- 

mation thereof. In addition, the receivers only measure the 
(11) phases of the probing signal responses, and feed back these 
phases referenced to the first probing signal phase, 
denote a set of n unit-norm m-dimensional diversity vectors. 50 ^ maximumratio combining, there is no constraint on the 
If used to transmit an information signal, the g h diversity combining vector u, other than it must be unit norm. The 
vector will induce a received signal ampUtude of probing of mc &aw& proceeds exactly as in the method 

disclosed by D. Gerlach et al. except that the probing vectors 
transmitted by the array are equal to the diversity vectors 



(12) 



By combining the diversity vectors appropriately to form 55 « *W unitary transformation thereof. The combining 

the information weight vector, diversity gain can be realized. vcctor which optimizes Eq,( 15) is given by 

Generally, each diversity vector should induce a high 

time-average signal power, and produce mutually uncorre- 0 - °' . ^ 

lated fading. The choice of diversity vectors is critical and ™ 

the way in which they are calculated is an important novel 60 In selection combining, the combining vector must have 

feature of this invention. Methods of calculating them will all components equal to zero, except one component which 

be deferred for the moment. takes value one. Selection combining is very attractive 

Once the diversity vectors are calculated, probing and because the information signals themselves can play the role 

feedback are used by the transmitter to measure a property of the probing signals. The transmitter uses one of the 

of the instantaneous channel vector. This property is used to 6S diversity vectors to transmit the information signals, 

form the information weight vector by combining the diver- Periodically, the transmitter enters a probing mode in which 

sity vectors, so that the instantaneous desired signal ampli- each diversity vector (13) is used in turn to send the 
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information signals. The receiver measures the power it average delivered power. In most cases, n^m, and these two 

receives for each diversity vector, and sends back a word conditions can be simultaneously fulfilled by letting e x , . . . 

specifying which diversity vector induced the largest ,e„ be me neigeDvectorsofRconesponding to then largest 

received power The transmitter then resumes normal infor- eigenvalues. If n^m, then linear combinations of the eigen- 

mation signal transmission using the diversity vector with 5 vectors can be used; however, the cross-correlation may be 

largest received power. The optimum combining vector -in ^ . . fl ^ cage 

this case has all entries equal to zero except one entry which ™ 1 ase ' 

assumes the value of unity in the position corresponding to ™ s method is applicable even if only one diversity 

the strongest diversity vector. vector is used (n=l). In this case, no diversity combining is 

A primitive selection combining method with feedback is 10 needed, and 
presented by Jakes. In that approach, each diversity vector is 

chosen to excite only one antenna. In terms of the above w=e r (23) 
discussion, that means t g has zeros in all components except 

the g r/ * component, which has value one. In contrast, the The diversity vector should be chosen to be 
approach of this invention uses beam diversity vectors to 15 

drive the entire phased array in accordance with information (24) 

derived from feedback *i = max «r**«i with H] = l. 

In addition to the use of beam diversity with feedback. c * 

ttlis invention also provides a novel way in which the solution eigenvector of R corre- 

diversity vectors are calculated. To understand this, we must 7n .. A . , V. , . , 

first define the channel correlation matrix. Let the correlation * f 51 ^ to ** 1^ «g=™lue, "* delivers, on average, 

matrix for the channel be me ta ^ at P ower t0 the rec<aver - 

In the n=l case, it is not necessary to estimate the matrix 

! Z, (19) R explicitly in order to obtain its dominant eigenvector. If, 

* = T W < * Uj)a{U "V- 2S through feedback, the base was able to obtain I(w)=w"Rw, 

„ , ... ... it .„ . „ „ then it could optimize J(w) using the linear random search 

If there are multiple mobiles, there will be a set of differential steepest descent (DSD) algorithm 

corrdaUon matrices. R, . one for each mobile. The J ' * comparison of Adaptive 

corrdauon matrix describes ,n a time-average sense, the * gorithm / Based on ^ Methods of slepest Descent and 

behavtoroffhe^eLAsthech^dvGCtDrvacKiitoto Ra B ndom SeMch „ JEEE ^ 0 / Antennas and 

receiver motion the vector will point on average in certan. p ^ voL ^.24, pp . 615-37. Sept 1976. In its 

directions, which are revealed in an agendecomposihon of ^ ^ ^ ^ 

(19 .Insimp fe scattering environment me channel vector s b J ^ me wei ^ t ^ m various while 

vanationswmbeweU^nfmedtoasubspace whileinmore main ^ ^ nor ^ of w< ^ measures J(w) for each 

cornphcated situations, the vector may exhibit only appro*- using standaK , me local 

mate subspace confinement. The subspace .s.the set of ^ £ ^ constructed from me 

directions in which the channel vector tends to point. This ^^^4.^^ 

subspace is dependent only on the mobile receiver s gross ? * negative gradient of J(w). 

position, and is much more stable than the channel vector ^ * ^ J(w) „ 

? thls A lDventl0D ^ b«^nmng mmimized . This assumes that J(w) is avaUable to the base, 

methods based on the more stable subspace structure discussion of methods obtaining J(w) until 

implicit in (19). One convenient why to collect the channel ^ 

vectors in (19) is through the probing-feedback method ' 

disclosed by D. Gerlach ct al. The estimate in (19) can be ff there are multiple receivers, then an additional condi- 

made with arbitrary time interval between each term, and don must bc iniposed on the diversity vectors to minimize 
with a weighting of each term to de-emphasize old channel 43 crosstalk. As before, each signal must arrive with adequate 

vectors strength at its intended receiver. The new condition is that 

This correlation matrix can be used to calculate the each si S nal 1111151 with minimum amplitude at receiv- 

diversity vectors. Consider only one receiver again, and we ers for which * is not intended. This condition can be 

suppress the subscript k. incorporated into all of the above methods by choosing the 

' Consider the crosscorrelation between the signal ampli- 50 diversity vectors Eq.(13) according to a new criterion which 

tude induced at the receiver by the g th and h* diversity accounts for crosstalk. As before, let 
vectors: 

•A....*.' (25) 

1 £ (20) 

b *=T ^M^ e h H <^)] H 55 denote the set of n unit-norm diversity vectors used to 

transmit the \ th signal. As before, the set of c 7 should have 

= e H \ 1 I a(i&t)a{lbtf 1 e h ^ sma ** cross-coirelation and large- auto-correlation by mini- 

" fr i^M J * mizing and maximizing b^ ft for g*h and g=h. respectively. In 

= 9 n Re , 2 x\ Edition to these two requirements, the new requirement is 
* f *' 60 that the crosstalk power induced by the g rA diversity vector 

If g=h. b gg is the average power delivered to the receiver; at the k** receiver should be small for j*k and for all g. i.e., 
if g*h, b gh is the cross correlation between the signal 

amplitudes of the g rh and the h'* diversity vectors. Therefore, e^R^^forjtK (26) 
a description of the time-average correlation properties 

inherently involves the subspace structure of matrix R. 65 These three conditions are simultaneously met by letting 

For optimum diversity gain, the diversity vectors should e/, . . . , be the n generalized eigenvectors of the pair (Ry, 

have low cross-correlation (independent fading), and high Qy) corresponding to the n largest eigenvalues, where Qy= 
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Another way in which the base could use p is through 
ZRk. maximum ratio combining. In maximum ratio combining, 

the base must find a unit-norm combining vector u which 
maximizes the delivered power: 

In computing the matrix Q,, it is sometimes necessary to s 

scale each term so that eacn term contributes equally. One (3°) 
possible scaling is by the trace of each term, in which case « =arg mar 

we have 



—,1 n (27) in = arg max . . 



Other more sophisticated methods of optimizing the B * o ^ 

diversity vectors are presented in D. Gerlach et al., "Base °argmm p, 
Station Stransmitting Antenna Arrays for Multipath 

Environments;' Signal Processing, 1995, Submitted January 15 where w=Eu. In this implementation, the reference weight 
1995. Except for this new criterion for choosing the diversity vector w is fixed, and is chosen so that it minimizes 
vectors, all of the above methods proceed as before. interference to other mobiles. Uus rmrnmization of Eq.(32) 
Although the above method of estimating the correlation can be carried out using the above mentioned DSD algo- 
matrix uses snapshots of the instantaneous channel vector, rithm or the LRS algorithm presented by Widrow. 
other methods can be used as well. For example, the average 2Q As described in the previous section, the solution to the 
power received at a receiver due to weight vector w is maximum ratio problem of Eq.(32) is 
p=w"Rw=x r r, where x=vec(w w^) and r=vec(R). By mea- 
suring and feeding back p for J values of x, the base can set g — a * m C 33 ) 
up a system of equations for r. Let p=[pj . . . p 7 ] T and X=[x x ^™ 

. . . }Lj) T . Then X*r=p. Knowing r t then R in turn is given by Therefore, this method can be used to identify a on the 

R=unvec(r). subspace spanned by the diversity vectors. If there is more 

To provide feedback signals, the mobile handsets would than one mobile present, mis channel estimate can be used 

normally have to be modified or replaced. To obviate the to reduce crosstalk using the method of D. Gerlach et al. 

need for this change, we disclose a method of using the SAT if fl= i ) n o diversity combining is needed, and then knowl- 

circuitry present in the AMPS system to obtain feedback. edge of p can be used to find the weight vector w. In the 
Focus for the moment on one mobile. Let s(t) be the 30 p rev ious section, we presented such a method, but it 

information signal launched by the base to the mobile, and required knowledge of J(w). Note, however, that 
let w be its corresponding weight vector. The operation of 

this invention relies on transmitting a secondary reference j( w ) = *fr» (34) 
signal s(t) to the same mobile by means of a secondary 

reference weight vector, w. As before, let a denote the 35 _ 1 | j^^jjip ( ' 

forward link vector channel. The interaction of the informa- /=1 

tion signal and the reference signal are such that the base is L (36 ) 

able to measure the quantity 06 £ P<^)~ 2 - 

-I I 1 1 ( 28 > 40 Bv repeatedly measuring p, an estimate of J(w) can be 

' = | J vtia 1 1 * obtained within a proportionality constant For the purposes 

of the LRS and DSD iterative optimization methods 

The method presented below enables the base to measure described in the previous section, knowing J(w) to within a 

the quantity p without modification of the mobile handsets. sca i e constant is sufficient 

Before we delve into this method by which p can be ^ We now disclose the method for using the existing cir- 

measured, let us consider how the base could use p. if it were cuitry in the AMPS handset to measure p . First consider the 

available. forward link of AMPS system, shown in FIG. 2. Let u/t) 

One way in which the base could use p is through denote the voice signal to be transmitted on the forward link, 

selection combining. As described earlier, selectiou diversity This voice signal is bandlimited to 3 kHz. Also shown in 

confining uses feedback to pick one of several diversity FIG. 2 is the Supervisory Audio Tone (SAT), which is used 

vectors as the information weight vector. If there are two to insure continuity of the forward and reverse links. Let 

diversity vectors (n=2), then for selection combining the q(tycos(%zfj) (37) 

base needs feedback to identify which of the two vectors denQte me SAr ^ whkh in the current system, has a 

produces the largest response at the mobile. If the base sets frequency of either f m =5970 Hz, f m =6000 Hz, or f m =6030 

w=e A and w=e 2 . then the base can use the method presented 5$ H ^ ^ sum ^^(t) is frequency modulated, resulting in 

below to measure s ^ t ) (baseband analytic signal) which occupies a nominal 

bandwidth of 28 kHz: 

J|«i^|| (29) 

p lU" fl II j. (38) 

and determine which diversity vector gives larger response 60 *(f)=exp 1ft J vXct)+9(c*M«) ■ 

at the mobile. If n>2, the base could make repeated com- L 0 J 

parisons of the response strengths of the diversity vectors by Quantity y is a scaling factor which determines the 

repeatedly measuring p using different pairs of diversity modulation index and bandwidth of s(t). In the current 

vectors. Through several comparisons of diversity vectors, system, one antenna is used, and the channel is characterized 

the diversity vector of largest response could be identified. 65 by complex scalar a (Eq.(2) with m=l). The FM signal s(t) 
Once identified, the base uses this diversity vector as the is transmitted through the channel, and the mobile receives 

information weight vector. the FM signal 
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(39) If we let 



12 



and demodulates it. The voice and SAT tone components are 
separated using lowpass and bandpass filters. The mobile 
then estimates the instantaneous frequency, f(t), of the SAT 
tone by means of a phase locked loop. Normally, this 
instantaneous frequency is given by 



5 the received signal can be written as 



(44) 



(45) 



(40) 



During call setup and initiation, the base tells the mobile 
which of the three SAT frequencies it will use. If. during the 
conversation, the mobile's estimate of the SAT frequency 
does not match the pre-agrced SAT frequency, the mobile 
drops the call. In this way, the SAT frequency is used to 15 where 
check that the mobile receives its signal from the correct 
base station. 

To insure continuity of the reverse link, a similar opera- 
tion is performed, FIG. 3 shows the reverse link of the 
current system. As before, the voice signal to be sent to the 
base is v/t). Instead of simply creating a SAT tone of the 
agreed upon frequency, the mobile instead uses a voltage 
controlled oscillator (VCO) to create a signal of constant 
modulus, but with instantaneous frequency equal to that 
obtained from its phase locked loop. This signal is given by 



It can be shown, e.g., as in F. G. Stremler. Introduction to 
10 Communication Systems, Addison-Wesley. 1982, that when 
y(t) is demodulated by the mobile, the resulting waveform 
contains a voice and a SAT component: 



(46) 



(47) 



co5(2nf(f)r). 



(41) 



The voice signal and regenerated SAT are summed, 
frequency modulated, and sent back to the base in a manner 
analogous to the forward link of FIG. 2. The base then 
checks the frequency of the SAT received from the mobile 
and compares it with the agreed upon value. If they differ, 
the base drops the call, thereby insuring that the base is 
receiving its signal from the correct mobile. 

Because the mobile remodulates its SAT with the instan- 
taneous frequency j"(t), the base is also able to obtain the 
instantaneous frequency, and therein lies the possibility of 
feedback. FIG. 4 shows the forward link of the proposed 
method, which uses an antenna array. The basic idea of the 
invention is to send two signals according to two different 
weight vectors. When the two signals are received at the 
mobile, they cause a fluctuation in the instantaneous fre- 
quency of the received SAT tone. The excursions of the 
instantaneous frequency are dependent on the relative ampli- 
tude of one signal with respect to the other. The mobile sends 
the instantaneous frequency back to the base, enabling the 
base to measure the frequency excursions, and thereby the 
relative amplitude, which we will see is related to p. Note 
that the differences between the proposed method in FIG. 4 
and the current system shown in FIG. 2 occur only in the 
base unit, not the mobile unit. The mobile unit requires no 
modification. 

In the proposed method, the voice signal and SAT tone are 
first summed and modulated as before in Eq.(38) to produce 
s(t). Signal s(t) is launched according to weight vector w. In 
addition, a second reference^ signal is launched according to 
a reference weight vector w. One choice for this reference 
signal is 



Quantity p is the real and positive pre-demodulation 
20 received signal amplitude ratio of s(t) and s(t). By contrast, 
scalar ot(p) is the real and positive post-demodulation 
received signal amplitude ratio of the corresponding two 
peaks at S m and f m +Ap It is a monotonic increasing function 
of p, as will be discussed below. 
25 Eq.(47) shows that q w ,(t) is composed of two 
components, which cause a beating phenomenon of the 
instantaneous frequency of q^i). In the current system, 
there is no beating phenomenon because the base sends only 
signal s(t). Assuming the frequency shift of s(t) is small, i.e., 



30 



(48) 



we may rewrite the SAT component q te( (t) as a single cosine, 
with a time-varying instantaneous frequency and amplitude: 



35 



^r>^(f)cos(2Ttf(0f), 



where 



1 + ctcosfo + 1 Ay) 
a(a + cos(<J>+ fA/)) 



and 



A(/>=cos(2n/ m <>facos(2iitf n ,+A r )0. 



(49) 



(50) 



(51) 



45 



50 



55 



Waveform q to /t) is applied to the phase locked loop, 
which outputs the instantaneous frequency Eq.(50). As is 
specified by the AMPS standard, the mobile uses this 
instantaneous frequency to remodulate the SAT, and it is sent 
back to the base. By demodulating the reverse SAT, the base 
has knowledge of Eq.(50), as in the current system shown in 
FIG. 3. 

By observing f(t), the base is able to back out the 
information pertaining to a. If a^l.f(t) oscillates between 
the extremes 



60 



(42) 



and 

a A, 

fain —fnx g _ j 



(52) 



(53) 



The total signal received at the mobile has a component 
due to the first signal and the reference signal: 



(43) 



By observing the extreme values of f(t), the base can 
solve either Eq.(52) or Eq.(53) for a 
65 The quantity of primary interest, however, is p . so we now 
return to the relationship between p and a. Quantity p is in 
theory determined by an addition of several Bessel func- 
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Hons, We will not delve into this calculation, but simply 2. The method of claim 1, wherein the calculating step 

present the relationship between the two in FIG. 5, which comprises deterrxuning a set of autocorrelation matrices 

was obtained by computer simulation of the frequency from the set of feedback signals, 

modulation and demodulation process. The conversion table 3. The method of claim 1, wherein the calculating step 

embodied in FIG. 5 could be stored in a look-up table, 5 comprises: 

cnablkgthcb^ctodctcniiine pfroma.The bask. oration estimating from the set of feedback signals a set of 

of the invention which uses the circuitry in the AMPS . 7 ^ . . , . ° L _ 

t_-i r _m_ 1 j ri» channel vectors, where each channel vector character- 
mobile for feedback proceeds as follows: ^ ^ 

1. The base transmits signal s and reference signal I accord- ™* *Wf g** from «»y to one of me 
ing to weight vectors w and w. 10 receivers; and 

2. The signal and reference signal interact at the mobile and calculating a set of autocorrelation matrices, where each 
cause fluctuations in the instantaneous frequency, which autocorrelation matrix is formed by taking a linear 
are characterized in part by and combination of outer products of the channel vectors 

3. By observing the instantaneous frequency, the base can corresponding to one of the receivers. 

compute a using, for example, Eq.(52) or Eq.(53). is 4. The method of claim 1, wherein the calculating step 

4. Knowing a, the base can determine p using a look up comprises: 

table of the curve embodied in FIG. 5. determining a set of diversity vectors; and 

5. Thebase,knowmgp,modlfiesitstransmitweightvectors fnmi each ^0^^ wei ght vector from a linear 
according to the methods presented earlier. combination of the diversity vectors, where the linear 

6. Go to step 1. 20 combination is detennined by the set of feedback 
This method, therefore, provides a practical way to use signals 

feedback in an adaptive antenna array system to minimize 5 ^ method of daim 4 wherein me calculating step 

crosstalk. It can be implemented without medication to further comprises detenxuning a set of autocorrelation matri- 

existing cellular phone handsets and without requiring bur- ces ^ me ^ of feedback si ^ ^ wherdn ^ 

densome feedback rates. Although the above description 25 rt versity vector has maximal projection onto one of the 

presentsaparticul* autocorrelation matrices and has minimal projection onto 

the invention, it is intended only as an illustrative embodi- autocorre iation matrix. 

ment and is not intended .to limit the scope of the invention. 6 ^ method of ^ 5< wherein ^ & ycr$ity vector 

Instead, the scope should be detenmned by the following is a dominant eigenvcctQr of one of ^ autocorrelation 

claims and then* legal equivalents. 30 matI i ceSi 

We claim: 7 Tnc method of claim 5, wherein each diversity vector 

1. A method for minimizing crosstalk in a wireless com- is a dominant gener alizcd eigenvector of a pair of matrices, 

munitions system comprising an array of transinitting wncrc ^ of mc pair h formed from a ]iasn 

elements and a set of receivers, the method comprising the com bination of the autocorrelation matrices. 

s^P 5 of: 35 8 The me thod of claim 1, wherein the wireless commu- 

transraitting from the array to the receivers a set of ideations system is compatible with the Advanced Mobile 

transmitted signals chosen from the group consisting of Phone System, and wherein the feeding back comprises 

a set of information signals and a set of probing signals, measuring the instantaneous frequencies of the supervisory 

where the transmitting is in accordance with a set of au <jj 0 tones returned to the array by the receivers, 

initial weight vectors; 40 9. The method of claim 8, further comprising: 

feeding back to the array a set of feedback signals, where calculating a set of reference weight vectors for a set of 

each of the feedback signals is derived from the reference signals; and 

response at one of the receivers to the set of transmitted transmitting the set of reference signals from the array to 

signals, 4g ^ e rece i vers m accordance with the set of reference 

calculating from the set of feedback signals a set of new weight vectors, 

information weight vectors that rninimize time-average 10. The method of claim 9, wherein each reference signal 

crosstalk between the receivers and maximize time- f S the product of one of the information signals and a signal 

average desired signal at each receiver; and with significant energy content between 5.8 kHz and 6.2 

transmitting the set of information signals from the array 50 kHz. 
to the receivers in accordance with the set of new 

information weight vectors. * * * * * 
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